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I 
摘 要 
DNA不仅是遗传信息的载体，同时还具有识别、催化和“建筑”等诸多功
能，因而在生物传感、药物运输、蛋白质机器、纳米光子学等领域中得到了广泛
的应用。然而，随着研究的深入，研究者们也遇到了一些新的挑战。其中，DNA
纳米材料在生物传感和蛋白质机器方面的应用受到了以下限制： 
分子信标、核酸适体等DNA纳米材料在生物传感器的设计方面具有独特的
优势，因此得到了广泛的应用，但是仍然存在以下问题：（1）DNA纳米材料在
细胞内的稳定性。细胞内含有核酸外切酶、核酸内切酶等各种各样的核酸酶，且
数量巨大，容易将具有生物传感或药物运输等特定功能的DNA纳米材料降解而
导致其功能失效；（2）DNA纳米材料在细胞上的定位能力。细胞是由细胞核、
线粒体、溶酶体、细胞膜等细胞器组成的，且不同细胞器的功能也各不一样。要
真正实现DNA纳米材料在细胞上的生物传感、生物成像和药物运输等应用，需
要保证这些材料能够特异性地定位在目标位置上。 
蛋白质与蛋白质或其他分子形成的低维度复合物是一类特殊的蛋白质机器。
实现特定的蛋白质机器的构建有利于人们深入理解生命现象的本质并将其运用
于人类社会。目前，基于DNA纳米材料的蛋白质机器的构筑已经见诸报道，但
是仍存在以下不足：（1）复杂的多酶体系的精确组装。一些基于双链DNA和DNA
小单元的纳米结构虽然能够实现简单的多酶体系的构建，但是存在着刚性不足、
容易弯曲、变化较少、无法满足较大距离的调控或复杂的二维图案的排布等不足
之处。此外，科学家们仍需将研究拓展到酶网络更复杂、组分种类更多（比如包
括辅酶因子）的多酶体系的构建，以满足生物医学的应用要求；（2）多酶体系功
能的动态调控。当前的研究主要集中在静态多酶体系的构建，而对于蛋白质机器
的动态研究较少。实现蛋白质机器的智能、定向、高效的动态调控具有重要意义。 
为了解决以上问题，本论文从以下几个方面展开研究： 
一、利用L-DNA构建分子信标，提高DNA探针在细胞内的稳定性 
为了提高探针在细胞内的稳定性并排除生物大分子非特异性结合引起的干
扰，我们发展了一种基于L-DNA的分子信标，并将其应用于细胞温度的传感。
L-DNA是与天然碱基D-DNA镜像互补的异构体。它不被天然核酸酶降解，因此
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在细胞内具有非常好的生物稳定性。此外，L-DNA不与天然核酸和蛋白结合，能
够有效避免细胞内生物大分子的非特异性结合。因此，我们设计的L-DNA构成的
分子信标，具有良好的生物稳定性和抗干扰能力。由于分子信标的发夹结构对温
度非常敏感，它在低温时形成发夹结构导致荧光淬灭，而在高温时发夹结构打开
引起荧光信号的增强，因此能够实现细胞温度的灵敏传感。最后，我们成功地将
基于L-DNA分子信标的纳米温度计应用于细胞内钯纳米片的光热效应研究，展现
了它在生物医学领域良好的应用潜力。 
二、将DNA探针磷脂化修饰，提高DNA探针在细胞上的定位能力 
为了解决DNA探针空间定位能力差、较难实现细胞膜上的传感的问题，我
们将一段疏水的磷脂片段修饰在DNA探针上，使其成为两亲分子并通过疏水相
互作用固定在细胞膜表面，从而发展了一种适用于细胞膜表面传感的方法。我们
在两亲DNA探针上同时修饰pH敏感的绿色荧光染料FAM作为pH的荧光指示剂
和pH不敏感的红色荧光染料TAMRA作为内标，从而发展了一种胞外pH的比率型
荧光传感器。该传感器能够实现6.0-8.0范围内pH的灵敏响应，并成功应用于细胞
三维培养环境中pH的传感。 
三、以DNA纳米结构为模板，实现复杂的人工多酶体系的精确组装 
为了提高人工多酶体系的构建精度，我们以DNA折纸术（DNA origami）形
成的纳米结构为模板介导酶和辅酶因子的组装。DNA origami是通过一段长序列
的模板DNA单链和经过软件设计的上百条短链DNA的自组装形成的，具有优异
的可寻址性和纳米级的空间分辨率。根据这些特性，我们以DNA origami为模板，
通过模板上的捕获探针与蛋白或辅酶因子上的DNA探针的杂交，成功地构建了
一种由三种脱氢酶和一种辅酶因子组成的多酶体系。 
四、利用动态DNA技术，实现酶通道的定向调控 
为了实现酶通道的定向调控，我们在基于DNA origami的人工多酶体系上，
利用动态DNA组装技术特异性地调控辅酶因子的位置，从而实现相应酶通道的
开启和关闭。由辅酶因子-DNA复合物构成的底物通道（substrate channeling）能
够在级联酶之间直接传递中间代谢产物从而激活酶通道，因此其位置对于酶通道
的活性具有重要的影响。利用这个原理，我们在DNA origami上设计了一种智能
的底物通道载体，使其能够在特定的DNA“开关”的存在下将底物通道运输至
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特定位点，从而定向地激活目标酶通道。该策略具有响应速度快、调控效率高等
优点。 
 
关键词：DNA折纸术；分子信标；蛋白质机器；生物传感
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Abstract 
With the functions such as recognition, catalysis and construction, DNA 
nanomaterials act as one kind of ideal materials and found wide applications in 
various areas such as biosensors, drug delivery, protein machines, nanophotonics, 
and so on. However, the further application of DNA nanomaterials is limited due to 
the following problems: First, DNA nanomaterials could be digested by the 
nucleases inside cells, which frequently makes them dis-functional; Second, the poor 
strategy for targeted delivery of DNA nanomaterials to their destination (such as cell 
membrane) leads to the low efficiency of their function; Third, it is still difficult to 
organize complex multi-enzyme system with well control of enzyme position, 
orientation, and stoichiometry; Last, the efficient, precise and dynamic control over 
the enzyme pathway activity in response to different stimulants is of great 
significance yet rarely realized.   
To solve these problems, we carried out several projects listed as follows: 
1. Improve the stability of DNA nanoprobes using L-DNA 
In this work, we used L-DNA to improve the stability of DNA nanoprobes for 
intercellular biosensing. L-DNA is the optical isomer of naturally D-DNA. The 
non-natural backbone prevents L-DNA from binding to cellular nucleic acids and 
proteins. L-DNA also have the advantage of nucleases resistance inside the cells, 
thus improving the stability of L-DNA in a complex cellular environment. To 
achieve noninvasive and accurate sensing of intracellular temperature, we developed 
one kind of L-DNA molecular beacon (L-MB), a dual-labeled hairpin 
oligonucleotide, for intracellular temperature sensing. The MB has 
temperature-responsive stem-loop structure as well as the FRET signaling 
mechanism. Thus, the fluorescence of L-MBs is low when temperature is below the 
melting temperature; while it is lighted up at increased temperature. With the 
advantages of excellent reversibility and tunable response range, L-MBs are very 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract 
V 
suitable for intracellular temperature sensing. Finally, the L-MB nanothermometer 
was used to study the photothermal effect of Pd nanosheets in single living cells, 
establishing the L-DNA nanoprobe as a robust biosensor inside cells. 
2. Improve the localization ability of DNA nanoprobes using lipid-DNA 
We designed an amphiphilic lipid−DNA probe for the development of cell 
surface-anchored biosensor. The lipid−DNA probe consists of a hydrophilic DNA 
strand and a hydrophobic diacyllipid tail. Based on the hydrophobic interactions with 
cell membrane, the lipid−DNA probe can be easily anchored on the cell surface with 
the features of excellent stability and negligible cytotoxicity, thus ensuring its spatial 
location on cell membrane. To realize the accurate sensing of the extracellular pH, 
we designed a ratiometric fluorescent probe using lipid-DNA. In our design, the 
lipid-DNA was modified with two fluorescent dyes including pH-sensitive FAM as 
pH indicator and pH-insensitive TAMRA as an internal reference. Its response to pH 
was sensitive and reversible in the range of 6.0-8.0, which makes lipid-DNA ideal 
for extracellular studies. Finally, this cell surface-anchored ratiometric extracellular 
pH indicator was successfully applied in 3D culture environment, demonstrating the 
potential applications of lipid-DNA probes in biological and medical studies. 
3. Achieve precise organization of multi-enzyme system using DNA origami 
We utilized DNA origami to achieve the precise organization of an artificial 
multi-enzyme system. DNA origami is one kind of technology to fold DNA into 
arbitrary two- and three- dimensional nanostructures, with the features of 
programmable assembly and nanometer positional precision. In our design, the 
specific sites on a rectangular DNA origami were functioned with extended 
anchoring probes, which could hybridized with the DNA tags linked to the enzymes 
and cofactor. With this method, we have constructed a multi-enzyme system 
consisting of glucose-6-phosphate dehydrogenase (G6pDH), lactate dehydrogenase 
(LDH), and malate dehydrogenase (MDH), as well as a common cofactor 
(nicotinamide adenine dinucleotide, NAD+). The successful assembly of 
multi-enzyme system was confirmed by gel characterization and AFM, and the yield 
was estimated to be higher than 80%. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract 
VI 
4. Realize regulation of enzyme pathway using dynamic DNA nanotechnology 
We demonstrated the directional regulation of enzyme pathways in an artificial 
multi-enzyme network using dynamic DNA nanotechnology. Toehold-mediated 
strand displacement reaction was employed to control the position of the substrate 
channeling. Thus, the activities for the two enzyme pathways (G6pDH-LDH 
pathway and G6pDH-MDH pathway) were in response to the addition of DNA 
switches: Switch 1 shut down the G6pDH-LDH pathway and activated the 
G6pDH-MDH pathway; whereas switch 2 reduced the G6pDH-MDH pathway as 
well as activated the G6pDH-LDH pathway. This strategy has the advantages of fast 
response and good reversibility, thus opening the opportunity of DNA 
nanotechnology for widely use in synthetic biology and biomedicine. 
 
Keywords: Biosensors; DNA origami; Molecular beacon; Protein machines
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